Control of the molecular orientation and its in situ observation have successfully been carried out. The attachment of porphyrin derivatives bearing non-, one-, and four-carboxyl groups on ITO electrode surfaces was monitored using time-resolved enhancement evanescent wave electro-absorption spectroscopy. The stability of the porphyrin self-assembled monolayers was also determined by the combination of cyclic voltammetry and evanescent wave electronic spectroscopy measurements.
Introduction
The molecular orientation on electrode surfaces has been the key subject for the development of molecular devices, such as highperformance solar cells, memory devices, light emission diodes, catalytic devices, and chemical sensors. 18 From these viewpoints, many efforts have been devoted to control the orientation of monolayers and multilayers on electrodes. 913 For example, Matsuo and Nakamura reported that the photocurrent direction can be switched by changing the orientation of a fullerene derivative on an electrode. 10 The clarification of the orientation of such functional molecules often has been carried out using X-ray diffraction measurements. 1113 Nevertheless, it is generally difficult to conveniently determine the molecular orientation on electrode surfaces.
A porphyrin derivative is one of the most available molecules to understand the molecular orientation and electrochemical properties on an electrode surface because of their flat and rigid chemical structures 14, 15 and their unique redox and photophysical properties. 16 Porphyrins are well-known for their photo-responsive and redoxactive molecules; therefore, porphyrins are used for the construction of photocurrent generating systems. 1721 Coin-shaped molecules, such as porphyrins and phthalocyanine, show different absorption spectra to the direction of light. 22, 23 We have tried to establish a convenient system in order to understand the orientation of porphyrins on an electrode and their electrochemical behavior.
A molecule bearing carboxyl or phosphonic acid groups can be chemically fixed on an indium-tin oxide (ITO) electrode and form a thermodynamically stable film, a so-called self-assembled monolayer (SAM). 10, 2426 At this time, we introduced some carboxyl groups onto the porphyrin backbone to fix and control the orientation of the porphyrin derivatives at substrates. Scheme 1a is an image of a porphyrin derivative perpendicularly fixed on a substrate; on the other hand, Scheme 1b shows molecular immobilization parallel to the substrate.
Experimental
Three molecules were employed to understand the molecular orientations on electrodes, 2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphyrin, 1; 5-(4-carboxyphenyl)-10,15,20-triphenylporphyrin, 2; 5,10,15,20-tetrakis(4-carboxymethyloxyphenyl)porphyrin, 3 (Scheme 1c). LaSFn1 (Sumita Optical Glass, INC) high refractive index 1.80 glass was used as an optical waveguide (0.4 mm thickness 20 mm © 65 mm). This waveguide was coated ITO (30 nm thickness 20 mm © 20 mm, 100 ³/cm) as the working electrode, platinum (Pt) wire as the counter electrode and a polished silver (Ag) wire electrode as the reference electrode. The substrate was immersed in 0.1 mmol/L chloroform or DMF solutions of porphyrin derivatives, 13, and, at the same time, time-resolved enhancement evanescent wave electro-absorption spectroscopy (TRES) was carried out using an optical waveguide system (Surface and Interface spectrometer SIS-5000, System Instruments CO., LTD., Japan). The ITO was then thoroughly washed with chloroform (for compounds 1 and 2) or DMF (for compound 3) in order to remove physically adsorbed porphyrin derivatives and contaminants. A The Electrochemical Society of Japan http://dx.doi.org/10.5796/electrochemistry.80.504 JOI:DN/JST.JSTAGE/electrochemistry/80.504 cyclic voltammetry measurement was carried out in a 0.1 mol/L KCl aqueous solution at the scan rate of 0.1 V/s using CHI611A electrochemical analyzer (CH Instruments, USA), and, at the same time, TRES was performed by optical waveguide system, and the spectra were recorded at 5 s intervals. A Xe150W lamp was used as the light source.
Results and Discussion
The time-dependence absorption spectra of ITO in the solutions of 2 and 3 are shown in Figs. 1a and 1b , respectively. The absorbance of ITO was gradually increased in both systems and saturated within a few hours. A clear electronic spectrum was not obtained when an ITO was immersed in the solution of 1, probably because 1 had no substitution group on the porphyrin backbone for molecular fixation. This indicates the carboxyl group acted as an adsorbent for the ITO surface. The intensity of the Q band of 3/ITO (hereafter, / denotes an interface) was observed to be stronger than that of 2/ITO. The ratios of the peak top of Soret/Q bands (512 nm) were estimated to be ca. 35 and 18 for 2/ITO and 3/ITO, respectively (comparing 75 min in Fig. 1a with 135 min in 1b) . The surface coverage of the compounds 2 and 3 on flat ITO electrodes (Fruuchi Chemical Corporation 10 ohms/sq) were estimated from the areas of anodic current to be 13.5 and 9.8 © 10 ¹11 mol/cm 2 , respectively (the immersion period of time was 24 h). In the enhancement evanescent wave electro-absorption spectroscopy, the direction of induced light was 70.5 degrees normal to the waveguide surface (see Fig. 1g ). The difference of the ratio in the spectra indicates the different orientation of porphyrin on the ITO. Most of 2 was perpendicularly fixed to the ITO. On the other hand, most of 3 was perpendicularly fixed to the ITO in the initial step (the ratio of the Soret/Q bands was estimated to be 35 immersed for 15 min). However, 3 was gradually moved at the ITO, and orientation changed from a perpendicular to a parallel conformation. The interaction between a coin-shaped molecule (such as phthalocyanine derivatives) and light has been well studied especially in the system of Langmuir-Blodgett films. 27 When the direction of transition moment in a molecule is perpendicular to that of light, the intensity of absorption can be weakly observed. Figures 1c and 1e show the absorption spectra of 2/ITO at 0 V vs. Ag after applied potentials in a 0.1 mol/L KCl aqueous solution. In Fig. 1c , a bias was applied between +0.8 and ¹0.8 V at a scan rate of 0.1 V/s. The cyclic voltammograms (CVs) are shown in Fig. 1d . No spectral change was observed in this range, which indicated that molecules on the ITO were not damaged at all. On the other hand, absorbance in electronic spectra gradually decreased after scanning at the biases between +1.2 and ¹1.2 V (Fig. 1e) . In the CVs (Fig. 1f ) , an irreversible redox was observed. The molecule of 2-fixed ITOs was oxidized at the potential of 0.8 V (E pa was estimated to be 1.18 V). Porphyrin is known to show the reversible redox events in a solution (compound 2 shows a reversible redox at 0.86 and ¹1.9 V vs. Ag/Ag + in CH 2 Cl 2 ); thus, this decrease of the absorbance indicates that the fixed molecules were removed from the ITO surface probably because of electric repulsion of the oxidized molecule and the electrode. We have previously reported these removal behaviors of functional molecules from electrodes. 10 3/ITO also showed a very similar redox event and absorption spectral change to 2/ITO. The difference between 2/ITO and 3/ITO was the decrease speed of absorbance upon applied bias to the film. This decrease speed in 3/ITO was higher than 2/ITO because the distance between the porphyrin backbone and the ITO was closer in the case of 3/ITO. Unfortunately, this time we could not clarify the rate of the removal and conformational change upon applied voltage of the compounds on the electrode. The molecule of 3 may form perpendicular the electrode in a short period of time upon oxidation.
Conclusion
The molecular orientation and its electrochemical behavior were successfully and conveniently examined by the combination of cyclic voltammetry and evanescent wave electronic spectroscopy measurements. The orientation of a porphyrin bearing one carboxyl group was perpendicular to the ITO electrode. On the other hand, the porphyrin bearing four carboxyl groups was initially fixed perpendicularly to the ITO. This orientation was gradually changed and became parallel to the ITO. The orientation of the porphyrin derivatives was determined by the ratio of the Q and Soret bands. Electrochemistry, 80(7), 504506 (2012)
We developed a method for the determination of the molecular orientation at the electrode surfaces. Furthermore, the oxidized or reduced properties of the functional molecular film could be clarified. In order to develop the molecular devices such as organic FET, EL, and solar cells, speedy understanding of the molecular orientation at electrode surfaces is necessary. Our new approach is an effective method for the preparation and understanding of molecule-based electronic devices.
